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Halogenated natural products (HNPs) are organic compounds containing bromine, chlorine, iodine, and rarely fluorine. HNPs comprise many classes of compounds, ranging in complexity from halocarbons to higher molecular weight compounds, which often contain oxygen and/or nitrogen atoms in addition to halogens. Many HNPs are biosynthesized by marine bacteria, macroalgae, phytoplankton, tunicates, corals, worms, sponges and other invertebrates. This paper reviews HNPs in Arctic, Subarctic and Nordic ecosystems and is based on sections of Chapter 2.16 in the Arctic Monitoring and Assessment Program (AMAP) assessment Chemicals of Emerging Arctic Concern (AMAP, 2017) which deal with the higher molecular weight HNPs. Material is updated and expanded to include more Nordic examples. Much of the chapter is devoted to "bromophenolic" HNPs, viz bromophenols (BPs) and transformation products bromoanisoles (BAs), hydroxylated and methoxylated bromodiphenyl ethers (OH-BDEs, MeO-BDEs) and polybrominated dibenzo-p-dioxins (PBDDs), since these HNPs are most frequently reported. Others discussed are 2,2 0 -dimethoxy-3,3 0 ,5,5 0 -tetrabromobiphenyl (2,2 0 -dimethoxy-BB80), polyhalogenated 1 0 -methyl-1,2 0 -bipyrroles (PMBPs), polyhalogenated 1,1 0 -dimethyl-2,2 0 -bipyrroles (PDBPs), polyhalogenated N-methylpyrroles (PMPs), polyhalogenated N-methylindoles (PMIs), bromoheptyl-and bromooctyl pyrroles, (1R,2S,4R,5R,1 0 E)-2-bromo-1-bromomethyl-1,4-dichloro-5-(2 0 -chloroethenyl)-5
Introduction
Halogenated natural products (HNPs) are organic compounds containing bromine, chlorine, iodine, and rarely fluorine [1, 2] . HNPs comprise many classes of compounds, ranging in complexity from halocarbons (mostly halomethanes and haloethanes) to higher molecular weight compounds, which often contain oxygen and/or nitrogen atoms in addition to halogens [1, 2] . Many HNPs are biosynthesized by marine bacteria, macroalgae, phytoplankton, tunicates, corals, worms, sponges and other invertebrates [1e12] . Terrestrial plants, lichens, bacteria and fungi also produce HNPs [2] and they are found in freshwater environments [13e17] . Thousands of HNP compounds have been discovered [1e4, 10, 15, 16] .
Natural and anthropogenic halocarbons have important functions in regulating tropospheric and stratospheric ozone [18] . Several of the higher molecular weight HNPs are toxic and some of them bioaccumulate and have similar toxic properties as those of anthropogenic persistent organic pollutants (POPs). A detailed assessment of halocarbon sources and impacts was published by the World Meteorological Organization [18] , and both HNP classes were reviewed in Chapter 2.16 of the Arctic Monitoring and Assessment Program (AMAP) assessment Chemicals of Emerging Arctic Concern [19] . This review summarizes the occurrence and fate of higher molecular weight HNPs (hereafter called simply "HNPs") in the Arctic-Subarctic physical environment and biota, and is adapted from Chapter 2.16 of the AMAP report, with updates since 2016. As in that chapter, the focus is on Arctic-Subarctic ecosystems, with the inclusion of the Baltic Sea, Sweden west coast (Skagerrak) and Norwegian coastal waters. Compared to the wealth of information on POPs [20, 21] and emerging chemicals of concern (other papers in this Special Issue), data for HNPs in these cold climate ecosystems is sparse, or non-existent for some compounds. Emphasis is placed on those HNPs which have POPs-like properties [9e11,22e27] as these bioaccumulate and sometimes biomagnify in top predators. Selected studies from Antarctic, temperate, and tropical regions are included to provide context. The higher molecular weight HNPs are diverse and abundant. Non-target screening has proven effective for identifying these compounds [28] ; e.g. hundreds of compounds were found in sponge extracts and/or dolphin blubber by two-dimensional gas chromatography e time of flight mass spectrometry (GCxGC-ToF-MS) [29e31] or GC-MS with selected ion monitoring in electron impact or electron capture modes [32] . Thousands of brominated and iodated compounds (natural and synthetic) were found in lake and Arctic Ocean sediments using liquid chromatographyeultrahigh resolution MS [15, 16] . Bromophenolic compounds are common in biota. These comprise bromophenols (BPs) and compounds derived from them: bromoanisoles (BAs), hydroxylated bromodiphenyl ethers (OH-BDEs), methoxylated bromodiphenyl ethers (MeO-BDEs), and polybrominated dibenzop-dioxins (PBDDs). Less frequently reported compound classes are 2,2 0 -dimethoxy-3,3 0 ,5,5 0 -tetrabromobiphenyl (2,2 0 -dimethoxy-BB80), polyhalogenated 1 0 -methyl-1,2 0 -bipyrroles (PMBPs), polyhalogenated 1,1 0 -dimethyl-2,2 0 -bipyrroles (PDBPs), polyhalogenated N-methylpyrroles (PMPs), polyhalogenated Nmethylindoles (PMIs), bromoheptyl-and bromooctyl-pyrroles, (1R,2S,4R,5R,1 0 E)-2-bromo-1-bromomethyl-1,4-dichloro-5-(2 0 -chloroethenyl)-5-methylcyclohexane (mixed halogenated compound MHC-1), polybrominated hexahydroxanthene derivatives (PBHDs) and polyhalogenated carbazoles (PHCs). Structures of these HNPs are shown in Fig. 1 and reported occurrences in ArcticSubarctic and Baltic media are summarized in Table 1 .
Physicochemical properties
Physicochemical properties of HNPs are summarized in Table 2 , with a more extensive listing in Table S1 of Supplementary Information. Properties listed are the ionization constant (for BPs and OH-BDEs, as pK A ) octanol-water partition coefficient (log K OW ), air-water partition coefficient (log K AW ), octanol-air partition coefficient (log K OA ), liquid-phase vapor pressure (log P L /Pa) and liquid-phase water solubility (log S L /mol m À3 ). Experimental properties are selected wherever possible, otherwise they have been estimated from various models. Only a few values of K AW have been directly measured and most were estimated from K AW ¼ K OW / K OA , or K AW ¼ P L /(S L *RT). Papers reporting properties for OH-BDEs and MeO-BDEs include congeners in addition to those listed in Table S1 . The pK A values for all 209 OH-BDE congeners have been predicted by SPARC [33] . Vapor pressures and K OA values for OHBDEs, MeO-BDEs [34, 35] and vapor pressures of PDBPs [26] were determined by chromatographic methods and these studies also include temperature dependence.
Sources and production
HNPs are produced by marine bacteria [5] , macroalgae and phytoplankton [2,36e48] and marine invertebrates [1e4,6e9, 11,49e55] . "Produced" is used loosely here, because it is not always clear whether the HNP synthesis occurs in the particular named organism or associated symbionts, e.g. cyanobacteria [51] .
A general scheme for production of organobromines by marine algae is shown in Fig. 2 [56] . Hydrogen peroxide, released during photosynthesis and photorespiration, oxidizes seawater bromide under catalysis by vanadium bromoperoxidase. Oxidized bromine species then react with organic substrates to form organobromines. Such reactions may have a protective effect by removing excess hydrogen peroxide, which can cause oxidative damage to the algae [57] . Biosynthesis of BPs by macroalgae occurs from the substrates phenol, 4-hydroxybenzoic acid and 4-hydroxybenzyl alcohol under bromoperoxidase catalysis [41, 58, 59] . BPs are reactively coupled to form other bromophenolic compounds: BAs, OH-BDEs, MeO-BDEs and PBDDs (Fig. 3 ). Several pathways have been reported for generating OH-BDEs and MeO-BDEs from BPs (also discussed in Section 4), viz. bromoperoxidase-catalyzed dimerization [60] , photolysis [61] and reactive coupling on the surface of d-MnO 2 (birnessite, a naturally occurring hydrous manganese dioxide) [62] . PBDDs are derived from BPs by bromoperoxidase-catalyzed coupling [63] , and by photolysis of OH-BDEs [64e66]. Marine bacteria also produce OH-BDEs and MeO-BDEs [5] . Marine sponges contain these and more complex polybrominated diphenyl ethers (PBDEs) substituted with multiple OH groups and mixed halogens [6] . Cyanobacteria symbionts of the marine sponge family Dysideidae have long been known to produce OH-BDEs and other HNPs [67] , and recently biosynthetic gene clusters for production were identified [7] . Dioxins and OH-BDEs substituted with both bromine and chlorine have been identified in a marine alga and mussels [68] .
Other high molecular weight HNPs ( Fig. 1 ) also have sources in marine bacteria, algae, worms and sponges; 2,3,4,5-tetrabromo-1-methylpyrrole was identified in the seagrass Halophila ovalis [69] and many polyhalogenated 1,1 0 -dimethyl-2,2 0 -bipyrroles (PDBPs) were found in sea cucumber (Holothuria spp.) [70] . The polyhalogenated 1 0 -methyl-1,2 0 -bipyrroles (PMBPs), like the PDBPs, are a diverse set of compounds of which the first discovered in the late 1990s was the 2,3,3 0 ,4,4 0 ,5,5 0 -heptachloro-1 0 -methyl-1,2 0 -bipyrrole, or Q1 [71] . Q1 and mixed Cl-and Br-PMBP congeners have subsequently been reported in many species of marine biota [22,72e74] particularly from the Pacific Ocean [24] . Recent work points to a microbial source of these compounds based on compound-specific stable nitrogen determination [75] . Evidence of an abiotic pathway has also been presented, ozone-activated halogenation of 1,1 0 -dimethyl-2,2 0 -bipyrrole and 1 0 -methyl-1,2 0 -bipyrrole to form many of the polyhalogenated species found in nature [76] . MHC-1 was first detected in fish and seal [77] . Over 120 HNPs have been . PMPs, PMIs, PDBPs, and MHC-1 structures drawn after [22] where substitutions refer to compounds found in the North Sea, and tetrabromo-PBHD drawn after [54] . Table 1 Reported occurrence of HNPs in Arctic-Subarctic and Baltic environments a . identified in the Polychaete class of Annilida worms and many ecological functions have been attributed to them, including defense from predators, antimicrobial and antifungal activity [8] .
Evidence of natural origin has been obtained by radiocarbon ( 14 C) analysis of 6-OH-BDE47, 2 0 -OH-BDE68, 2 0 ,6-diOH-BDE159, and 2 0 -MeO-6-OH-BDE120 [51, 78] , and 1,1 0 -dimethyl-3,3 0 ,4,4 0 -tetrabromo-5,5 0 -dichloro-2,2 0 -bipyrrole (DBP-Br 4 Cl 2 ) [79] . Other studies have noted the presence of 6-MeO-BDE47 and 2 0 -MeO-BDE68 in environmental samples that pre-dated the advent of anthropogenic PBDEs; viz. a whale oil sample archived since 1921 [80] , sediment layers deposited since the late 1800s to early 1900s in the southern Yellow Sea and East China Sea [38, 81] and in an Table S1 . c Range of properties for congeners listed in Table S1 . d Estimated pK A values for all 209 congeners are given in Ref. [33] . Fig. 2 . General scheme for production of organobromine compounds by marine algae, involving oxidation of seawater bromide by hydrogen peroxide under catalysis by vanadium bromoperoxidase (V-BrPO) and subsequent reaction of oxidized bromine species with organic substrates. From Ref. [56] .
archived white-tailed sea eagle (Haliaeetus albicilla) egg laid in 1941 [82] . Fishmeal samples from worldwide sources were screened for PBDE flame retardants, MeO-BDEs and OH-BDEs [83] . Although all three compound classes were abundant in fishmeal, there were no significant correlations between PBDEs and their MeO-and OHanalogs, supporting the natural origin hypothesis.
Phenols and anisoles containing bromine, chlorine, or both also have anthropogenic sources; for example, water chlorination [1,84e86] , industrial use and hazardous waste incineration [87] , and metabolism or abiotic degradation of brominated flame retardants [88] . The world production of 2,4,6-triBP was estimated at 9500 tonnes in 2001 [87] . The 1,2,4,5-tetrachloro-3,6-dimethoxybenzene (also known as 2,3,5,6-tetrachloro-1,4-dimethoxybenzene), ubiquitous in marine air, may be a natural product or a metabolite of anthropogenic organochlorines [89, 90] . In addition to natural sources, MeO-BDEs and OH-BDEs are produced by metabolism of PBDEs [88, 91, 92] , and OH-BDEs are elevated in water and sediments near sewage treatment plant discharges [17, 93] .
Terrestrial fungi and lichens, and some insects, are sources of simple halocarbons and more complex HNPs [2] . Biotic and abiotic processes leading to production of adsorbable organohalogens (AOXs) in freshwater and marine sediment have been reviewed by Müller et al. [94] and for total organically bound bromine in terrestrial ecosystems by Leri and Myneni [95] . Organically bound chlorine is produced in boreal soils by chlorination of organic matter [96] . All bromine in decaying plant material, isolated humics and the organic fraction of soils is covalently bound to carbon [95] .
Transformation processes
Abiotic and biotic degradation pathways for BPs were summarized by Howe et al. [87] . OH radical reaction half-lives in air were estimated as 13.2 h (4-BP), 44.6 h (2,4-diBP), 22.5 d (2,4,6-triBP), and 23 d (pentaBP). The EPISUITE program predicts OH radical halflives in air of 4.1 d (2,4-diBA) and 8.5 d (2,4,6-triBA). It has been suggested that the ubiquitous presence of OH-BDEs in precipitation is due to OH radical reaction with PBDEs [17] . Bromophenolic compounds are transformed as shown in Fig. 3 . O-methylation converts BPs and OH-BDEs to BAs and MeO-BDEs. Cycles of Omethylation-demethylation reactions interconvert MeO-BDEs and OH-BDEs in sediment [38, 97] . Transformation of BPs and MeOBDEs to PBDDs takes place by photochemical [61,64e66] , enzymatic [60, 63] and surface-catalyzed [62] reactions. Photolysis also breaks down complex compounds. BPs with all possible substitutions can be formed by photolysis of PBDEs [98] . The metasubstituted BPs distinguish this process from natural formation, which produces exclusively ortho-and para-substituted BPs.
Metabolism produces OH-BDEs from MeO-BDEs and it has been suggested that OH-BDEs in wildlife from remote areas arise from demethylation of accumulated MeO-BDEs [99] . Evidence of this demethylation was not seen in harbor porpoise (Phocoena phocoena) [100] nor in ringed seal (Phoca hispida) [101] , while no conclusions could be drawn for harbor seal (P. vitulina) [100] . The opposite, conversion of 6-OH-BDE47 to 6-MeO-BDE47 has been shown to occur in the fish Japanese medaka (Oryzias latipes) [102] . Positive correlations among OH-BDEs, MeO-BDEs and 2,4,6-triBP in cetaceans suggest that they may share common sources or metabolic pathways [103, 104] . A strong correlation was found in polar bear (Ursus maritimus) adipose tissue between log-transformed 6-OH-BDE47 and 6-MeO-BDE47 (p < 0.001), P OH-BDEs and P MeOBDEs (p < 0.001), and for ( P OH-BDEs þ P BPs) and P MeO-BDEs (p < 0.001) [99] . The P OH-BDEs were correlated to P PBDEs in plasma of bald eagle (Haliaeetus leucocephalus) from British Columbia (Canada) and California (USA) [105] . Significant correlations have been found between 6-MeO-BDE47 and PBDE-47, a possible precursor, in Greenland shark (Somniosus microcephalus) [106] , glaucous gull (Larus hyperboreus) [107] , beluga (Delphinapterus leucas), ringed seal and sea duck species [101] . Significant correlations were found between 6-MeO-BDE47 or 2 0 -MeO-BDE68 and all seven monitored PBDE congeners in muscle tissue of whitetailed sea eagle [108] . Rotander et al. [109] found that such a correlation was significant but weak in the marine mammals they studied. Investigations in four species of microalgae showed no biotransformation of PBDEs to their corresponding OH-BDEs or MeO-BDEs, and the authors suggested that algal transformation is unlikely to explain the presence of OH-BDEs and MeO-BDEs in the marine environment [110] .
Many reports indicate that biotransformation of PBDEs produces OH-BDEs with the OH-group meta-or para-to the diphenyl ether bond, whereas ortho-positioning is favored for the naturally produced compounds (reviewed by Wiseman et al. [111] . This interpretation was criticized by Ren et al. [112] , who found hydroxy groups in the ortho-position in some OH-BDEs from an e-waste recycling plant. PBDEs substituted with a single OH-group in the para position are rare in marine species; however, PBDEs containing one ortho-MeO-group and two OH-groups (meta-and para-) have been identified in marine sponges [6] . Only natural versus anthropogenic PBDE-derived MeO-BDEs might also be distinguished by ortho-versus meta-/para-substitution of the MeO-group [113] . However, since MeO-BDEs have not been identified in PBDE exposure studies, their source remains unclear and the possibility of naturally-produced MeO-BDEs with meta-/para-substitution should be considered [111] .
PBDDs are produced by enzyme coupling or photolysis of BPs and OH-BDEs. Enzymatic coupling of 2,4,6-triBP yielded mainly 1,3,6,8-tetraBDD with lower amounts of 1,2,4,7-/1,2,4,8-tetraBDD, 1,3,7,9 -tetraBDD, 1,3,7-triBDD, 1,2,7-triBDD and 2,7-/2,8-diBDD [63] . Photolysis of 6-OH-BDE47 and 2 0 -OH-BDE68, generally the most abundant congeners, yielded the most abundant PBDDs found in Baltic fish, viz 1,3,7-and 1,3,8-tri-BDD [64] . Photolysis of 6-OH-BDE99, 6 0 -OH-BDE100 and 6 0 -OH-BDE116 produced 1,2,4,8-, 1,3,7,9-and 2,3,7,8-tetraBDD, respectively [66] , while photolysis of 6-OH-BDE137 yielded tetraBDDs with unidentified substitution [65] . Haglund et al. [114] examined congener profiles of MeO-BDEs and PBDDs in Baltic perch (Perca fluviatilis) and flounder (Platichthys flesus) in relation to lower organisms collected in the same area. MeO-BDEs without adjacent substituents (6-MeO-BDE47) or with two adjacent substituents (2 0 -MeO-BDE68 and 6-MeO-BDE90) were retained in the fish more than MeO-BDEs with three adjacent substituents (6-MeO-BDE85 and 6-MeO-BDE99). For PBDDs, 1,3,6,8-tetraBDD and 1,3,7,9-tetraBDD were retained more than other PBDDs which have vicinal hydrogens. Debromination of 6-MeO-BDE85 and 6-MeO-BDE99, and cytochrome P-450 mediated oxidation of PBDDs containing vicinal hydrogens were suggested to explain their limited retention.
Concentrations and trends in the physical environment

Air and precipitation
A summary of 2,4-diBA and 2,4,6-triBA concentrations in air is shown in Fig. 4 Although data are limited, concentrations of BAs in SubarcticArctic air appear comparable to levels seen at lower latitudes (Fig. 4) . Higher concentrations have been noted near coastal areas, which are biologically productive [116, 121] .
BPs [89, 116, 117] . Another chlorophenolic compound found in marine air is 1,2,4,5-tetrachloro-3,6-dimethoxybenzene (also known as 2,3,5,6-tetrachloro-1,4-dimethoxybenzene), not to be confused with the tetrachloroveratrole mentioned above. Concentrations of 1,2,4,5-tetrachloro-3,6-dimethoxybenzene in marine air were 2e96 pg m À3 over the North and South Atlantic oceans [90] and 20e280 pg m À3 at R eunion [89] . It is not known whether the CAs and related compounds are natural, formed from anthropogenic phenols, or both (see discussion of pentaCA sources and distribution [128, 129] . Higher concentrations of CAs were found in the Northern Hemisphere than the Southern Hemisphere, suggesting anthropogenic origins [90, 116] . In contrast, BAs were highest near upwelling zones off the coast of Africa [116, 117] . The tetrachloroveratrole found in air at Alert may have origins in the chlorine bleaching process used for pulp and paper [130] .
No data on MeO-BDEs in Arctic air are available. Mean concentrations of 0.017 ± 0.016 pg m À3 (2 0 -MeO-BDE68) and 0.014 ± 0.014 pg m À3 (6-MeO-BDE47) were found in gas-phase air samples collected over the northern Baltic Sea in 2011e2013 [131] . These levels are much lower than those reported for the P 6 tribromo-and P 6 tetrabromo-MeO-BDEs in air (gas phase) of Busan (South Korea) in 2010e2011 (means 2.1 ± 1.8 and 6.9 ± 8.7 pg m À3 , respectively, with comparable concentrations in the particle phase) [14] . OH-BDEs were below detection in the Korean air samples. OHBDEs were found in rain and snow collected in southern Ontario (Canada), where deposition fluxes for P 23 OH-BDEs ranged from 3.5 e 190 pg m À2 day À1 [17] . Many of the compounds were structurally unidentified. Of the 18 OH-BDEs that were identified by authentic standards, the more abundant ones were 3-OH-BDE47, 5-OH-BDE47, 6-OH-BDE47, 4 0 -OH-BDE49, 6-OH-BDE85, 4-OH-BDE90, 6-OH-BDE90 and 6-OH-BDE99. Mean deposition fluxes of P 23 OHBDEs were about 10% of P 6-14 PBDEs. OH-BDEs were also found in stream and lake water. It was suggested that the OH-BDEs were most likely produced by OH radical reactions with atmospheric PBDEs, although some of the identified congeners were also known to have biogenic sources (e.g., 6-OH-BDE47, 2 0 -OH-BDE68, 6-OH-BDE90, 6-OH-BDE137).
Seawater and marine sediments
Very few measurements have been reported for HNPs in seawater, although halocarbons such as CHBr 3 , CH 2 Br 2 , CHBr 2 Cl and CH 2 ICl are widespread and abundant [132] . Hot spots for halocarbons in the Arctic are productive shelf areas and surface waters over the Makarov and Lomonosov ridges, which receive dissolved organic matter (DOM) from river water transported in the Transpolar Drift, and they are also produced in sea ice brine. There have been no investigations of whether higher molecular weight HNPs are also associated with these geographic features.
Available data for BAs in seawater worldwide are summarized in Fig. 5 . BAs were measured in surface water on expeditions across the Canadian Arctic Archipelago and the southern Beaufort Sea in 2007e2008 [123] [133, 134] (see also below).
To our knowledge, no data are available for BPs in Arctic Ocean water. They were identified in water of the North Sea along with bromoindoles [135] . Reineke et al. [136] quantified BPs and bromoindoles in water from the German Bight at concentrations of collected from seawater on the Great Barrier Reef by semipermeable membrane devices (SPMDs), and showed orders of magnitude variation in concentrations, 23e28900 pg L À1 for 2,4-diBP, NDe2370 pg L À1 for 2,6-diBP and NDe320 pg L À1 for 2,4,6-triBP (detection limits not specified) [134] . BPs in seawater off the coast of South Korea ranged from 0.53e32.7 ng L À1 for 2,4-diBP and 0.38e20.2 ng L À1 for 2,4,6-triBP [85] . Chlorination of water from a nuclear power plant may have led to production of observed chlorophenols, as well as enhancement of BP levels over natural formation.
Over 2000 organobromine and organoiodine compounds (natural and synthetic) were found in Arctic Ocean sediments collected on a transect from the Bering Sea across the Northwest Passage to Iceland, as well as in Lake Michigan (U.S.A.) [15, 16] . Compounds included the bromo-and iodophenolic compounds, bromocarbazoles and many others which had not been previously been detected. Iodophenol, long-chain iodophenols and iodoindole were prominent. Iodoindoles were about 10 times more abundant than brominated ones. The diversity of HNPs in Arctic Ocean sediments was greater than in Lake Michigan.
BPs are widespread in temperate marine sediments, especially if they contain infauna which produce them [49, 50, 53] . Concentrations in sediments from harbor sites in the Faroe Islands were 0.79e2.9 ng g À1 dry weight (dw) (2,4-diBP), 0.47e7.8 ng g À1 dw (2,4,6-triBP) and <0.02e0.0027 ng g À1 dw (2,4,6-triBA), while ranges for other impacted areas in Denmark, Norway and Finland were <0.07e1.7 ng g À1 dw (2,4-diBP), <0.02e4.8 ng g À1 dw (2,4,6-triBP) and <0.02 to 0.66 for 2,4,6-triBA [125] . Concentrations in North Sea sediments were 5e360 ng g À1 (dw) for 4-BP, 0.3e43 ng g À1 dw for 2,4-diBP, and 0.4e110 ng g À1 dw (sum of dibromoindoles) [136] . BPs in sediments off the coast of South Korea ranged from 0.62 to 7.7 ng g À1 dw (2-BP), 5.6e57.0 ng g À1 dw
0.81e24.0 (2,6-diBP) and 0.56e12.3 ng g À1 (2,4,6-triBP), and. trichlorophenols was also found [85] . MeO-BDEs and OH-BDEs were not found in sediments of eastern Hudson Bay or Hudson Strait in the Canadian Arctic Archipelago, sampled 1999e2003, at detection limits of 0.001e0.004 ng g À1 dw [101] , and they have not been reported in Arctic seawater. MeOBDEs were determined in northern Baltic seawater in 2011e2013 at mean concentrations of 25 ± 17 pg L À1 (6-MeO-
and 2 0 -OH-BDE68 were found in water from the Stockholm Archipelago at concentrations of 420 and 90 pg L
À1
, respectively [37] . 6-OH-BDE85, 6-OH-BDE90 and 6-OH-BDE99 were also detected, but were too low to be quantified. All OH-BDEs were below the detection limit (not specified) on the Swedish west coast [37] .
Water samples were passively collected on the Great Barrier Reef using SPMDs in 2007e2008 [133] and from 2007 to 2013 [134] . Estimated mean concentrations of HNPs over the 6-year period were: [134] . Monitoring from 2007e2013 showed strong seasonal and interannual variations in these compounds, as well as BPs and PDBPs [134] . Seawater and sediments were sampled from the southern coast of South Korea in 2015 [137] . Average concentrations of P 17 MeO-BDEs and P 8 OH-BDEs were 1.03 and 7.4 pg L À1 in seawater, and 0.367 and 0.324 ng g À1 dw in sediments. Individual congeners were not specified, but ortho-substituted OH-BDEs and MeO-BDEs were predominant offshore, whereas meta-substituted compounds were in greater abundance in river water and soil. The difference was suggested to be due to natural production offshore versus transformation of PBDEs inland. Twelve MeO-BDEs and 11 OH-BDEs were sought in marine sediments and the food web of Liaodong Bay, Bohai Sea, China [97] . The congeners found in sediment were 4-MeO-BDE17, 6-MeO-BDE17, 5-MeO-BDE47, 6-MeO-BDE47, 2 0 -MeO-BDE68, 4 0 -MeO-BDE101, 6-OH-BDE47 and 2 0 -OH-BDE47. Congeners 3-OH-BDE47, 5-OH-BDE47 and 4-OH-BDE49 were found in some biota. Occurrence of these meta-/parasubstituted congeners may have resulted from biotransformation of PBDEs. Concentrations of the P 12 MeO-BDEs and P 10 OH-BDEs in marine sediments of Liaodong Bay, Bohai Sea, China were 0.0038e0.056 ng g À1 dw and 0.0032e0.116 ng g À1 dw, respectively, with the most abundant congeners being 2 0 -MeO-BDE68, 2 0 -OH-BDE68, 6-MeO-BDE47, and 6-OH-BDE47 [97] . Interconversion between OH-BDEs and MeO-BDEs was demonstrated. Concentrations of MeO-BDEs in surface sediment and cores from the East China Sea ranged from 0.0198e0.0477 ng g À1 dw (2 0 -MeO-BDE68) and 0.0187e0.0912 ng g À1 dw (6-MeO-BDE47) [38] . OH-BDEs ranged from 0.0105e0.0211 ng g À1 dw (2 0 -OH-BDE68) and 0.0129e0.0839 ng g À1 dw (6 0 -OH-BDE47). A similar study in the Yellow Sea showed concentrations ranging up to 0.083 ng g À1 dw
(2 0 -OH-BDE68) and 0.246 ng g À1 dw (6-OH-BDE-47), and 3-MeO-BDE47 was also found up to 0.044 ng g À1 dw [81] . In both seas, these compounds were found in deep sediment layers that predated the advent of PBDE flame retardants. In the East China Sea cores, levels of MeO-BDEs and OH-BDEs were correlated with phytoplankton lipids, suggesting natural production. In support of this, 2 0 -MeO-BDE68 and 6-MeO-BDE47 were found in incubated microalgae species [38] . In a core collected from the shelf area of the East China Sea, surface concentrations of 6-MeO-BDE47, P MeO-/OH-BDEs and total organic carbon were higher than downcore levels, suggesting terrigenous inputs from PBDE transformation [138] .
PDBPs were examined in the Arctic food web of the Northwater Polynya in the eastern Canadian Arctic (76 N to 79 N and 70 W to 80 W) during 1998 (Section 9), and sediments were included [25] . Mean concentrations ranged from <0.002 ng g À1 dw for DBP-Br 5 Cl to 0.028 ng g À1 dw for DBP-Br 6 .
PBDDs have not been reported in sediment or seawater from the Arctic. Seven tetrabromo-and 8 tribromo-PBDDs were identified (but not quantified) in sediments from the Baltic Proper [114] , and the same congeners were also found in algae (Section 6.1), mussels (Mytilus edulis) (Section 6.2) and perch (Perca fluviatilis) (Section 6.3.1.6) [114, 139] . Brominated and chlorinated dioxins and furans were quantified in surface sediments off Hong Kong and Korea [140] . The P PCDDs and P PCDFs exceeded their brominated analogs. Concentration ranges (ng g À1 dw) (tetra-to octachloro-or bromo-, congeners not specified) were Hong Kong: 2.4e6.0 ( P PCDDs), 0.071e0.30 ( P PCDFs), 0.006e0.043 ( P PBDDs), 0.006e0.021 ( P PBDFs); Korea: 0.090e0.68 ( P PCDDs), 0.052e0.70 ( P PCDFs), NDe0.009 ( P PBDDs), NDe0.46 ( P PBDFs) (detection limits not specified). Monobromo-PCDDs were also determined. Although some dioxin-furan contamination may be due to natural production, industrial sources, disposal of flame retardants and combustion of e-waste is likely.
PBDDs and PBDFs were determined in dated sediment cores from Tokyo Bay [141] . Concentrations of P PBDDs in surface sediments ranged from 2.2e17 ng g À1 dw and showed little variation in the core slices from 1895 to 1998e2000, whereas P PBDFs ranged from 21e60 ng g À1 dw at the surface and decreased to below detection by 1943e1975, depending on the core. Downcore trends of PBDEs and PBDFs were similar, suggesting contamination of technical PBDE formulations (especially deca-BDE) with PBDFs. Lack of a trend for PBDDs and their presence before the industrial era supports their natural formation.
Sea-air exchange
Sea-air exchange of BAs in the Canadian Archipelago [123] has been estimated using concentrations in surface seawater and air, employing the Henry's law constants (dimensionless, K AW ) reported by Pfeifer et al. [142] (Table S1 ). Net fluxes (deposition minus volatilization) estimated by the Whitman two-film model were small and variable: e1.2 ± 0.69 (2,4-diBA) and
Later, experimental measurements of K AW for 2,4-diBA and 2,4,6-triBA were made as functions of temperature [131] (Table S1 ). The new K AW values were used here to reassess the gas exchange of BAs in Hudson Bay and the southern Beaufort Sea, based on the 2007e2008 air and water data [123] , with the result that 2,4,6-triBA was near air-water equilibrium, while 2,4-diBA was near equilibrium or undergoing net deposition. A larger departure from equilibrium was found in Bothnian Bay, northern Baltic Sea, where net volatilization fluxes between May and September were first estimated as e12 to e44 ng m À2 d À1 (2,4-diBA) and e54 to e310 ng m À2 d À1 (2,4,6-triBA) using the Pfeifer et al. [142] K AW values [143, 144] , and cumulative net volatilization of P BAs from Bothnian Bay from May to September was e1319 kg [131] . With the newer K AW values [131] , volatilization fluxes from the northern Baltic were lowered to about half the previous estimates and net volatilization of P BAs from the bay was reduced to e532 kg [131] . Outgassing of BAs from the temperate and tropical Atlantic Ocean has also been reported, but fluxes were not quantified [117] . The compounds tetrachloro-1,4-dimethoxybenzene and pentachIoromethoxybenzene (pentachloroanisole, pentaCA) may have both natural and anthropogenic sources. Hemispheric differences in net exchange direction were found. The South Atlantic was close to air-water exchange equilibrium for these compounds, whereas the North Atlantic was undersaturated, especially in areas receiving input from continental air [90] .
Sea-air exchange was estimated for MeO-BDEs in Bothnian Bay, based on limited air and water concentration data (Section 5.2) and a value of K AW for 6-MeO-BDE47 estimated from the K AW of BDE47 [131] . Net exchange directions for 2 0 -MeO-BDE68 and 6-MeO-BDE47 were predicted to be sea-to-air, but depended greatly on the binding of the MeO-BDEs to DOM.
Several brown algae species on the west coast of Ireland (Mace Head) have been found to emit molecular iodine, oxidized iodine species and iodocarbons to the atmosphere at concentrations sufficient to perturb ozone levels [145] . These findings raise the question whether volatile HNPs could also be emitted from intertidal algae beds.
Terrestrial environment, inland waters
The few measurements of inorganic bromine in terrestrial soils range from 5e40 mg kg
À1
, which is smaller than in marine sediments, where concentrations can exceed 100 mg kg À1 [95] . Nonetheless, haloperoxidase enzymes extensively convert inorganic bromine to organic forms in terrestrial plants and X-ray absorption near edge structure (XANES) spectroscopic studies show that all the bromine in isolated humic substances, decaying plant material, and the organic fraction of soils is covalently bonded to carbon [95] . There are also many anthropogenic sources of organobromine compounds in the terrestrial environment, including flame retardants [146] and combustion processes [147] . Over 3000 natural and synthetic compounds containing bromine and iodine were found in sediments of Lake Michigan (U.S.A.) [15, 16] [124] .
Although biogenic MeO-BDEs are mainly discussed in association with the marine environment, there may be terrestrial sources which have not yet been clarified. To our knowledge, there are no published studies of MeO-BDEs or OH-BDEs in Arctic soil, lake sediments or water. MeO-BDEs and OH-BDEs have been found in soil, pine needles and air (Section 5.1) near Busan, South Korea [14] . Several studies have found OH-BDEs and/or MeO-BDEs in water/ sediment of inland rivers and lakes [13, 14, 17, 137, 152, 153] . A likely source of these compounds is sewage treatment plants, since OHBDEs have been found in association with them [17, 93] . Chemical structures were determined for over 2000 brominated and iodated compounds in Lake Michigan sediments [15, 16] . Compounds included the bromophenolic compounds, bromo-and iodocarbazoles and many others which had not been previously identified. Carbazoles containing bromine, chlorine and mixed halogens were found in lake and river sediments in the North American Great Lakes region [154] .
PentaCP and pentaCA are discussed briefly below and in more detail by Kylin et al. [128, 129] . PentaCA has been extensively investigated in air and vegetation and was thought to be primarily a metabolite of the pentaCP wood preservative. However, a recent study casts doubt on this [128, 129] . Examination of an extensive dataset of Eurasian and Canadian pentaCP and pentaCA concentrations in pine needles revealed that pentaCP was higher near suspected point sources, whereas pentaCA showed a northern or coastal distribution. The two compounds are poorly correlated, with pentaCP dominating in temperate North America and Europe, and pentaCA dominating in the Arctic. Anthropogenic versus natural origins of pentaCA are unclear. A possible natural source is chlorination of organic matter in boreal forest soils, enhanced by marine chloride deposition.
Concentrations of bromophenolic compounds, marine biota
Total organically bound bromine is abundant in marine biota and greatly exceeds the contributions from identified compounds. Wan et al. [155] examined tuna (Katsuwonus pelamis), five albatross species (Phoebetria palpebrate and Thalassarche spp.) and polar bear (Ursus maritimus), and found that known natural bromophenolic compounds MeO-BDEs, OH-BDEs and BPs accounted for only 0.08e0.11% of total extractable organic bromine (EOBr). Brominated fatty acids were suspected to be predominant compounds. BPs, BAs, MeO-BDEs, OH-BDEs and PBDDs (Figs. 1 and 3) are the most frequently reported HNPs in marine biota. They are considered separately here, and other HNPs follow in Section 7.
Marine vegetation
The bromophenolic compound 2,3-dibromo-4,5-dihydroxybenzyl alcohol (lanosol) was identified in the red alga Polysiphonia arctica (collected from Kongsfjorden, Spitzbergen) in response to oxidative stress by H 2 O 2 [156] . Neither OH-BDEs nor MeO-BDEs were found in the brown macroalga Fucus gardneri from eastern Hudson Bay at detection limits of 0.06e0.2 ng g À1 (lw) [101] . No other reports of HNPs in Arctic macrophytes were found. BPs, BAs, OH-BDEs, MeO-BDEs and PBDDs have been identified in macroalgae (Ceramium tenuicorne, Dictyosiphon foeniculaceus, Polysiphonia fucoides, Pilayella littoralis) and phytoplankton (Nodularia spumigena, Aphanizomenon flosaquae) from the Baltic Sea [37,43e46,139,157] , but quantified in only some of these species. Median concentrations of 2,4-diBP, 2,4,6-triBP, 2,4-diBA and 2,4,6-triBA in the brown alga Dictyosiphon foeniculaceus from the Baltic Proper were 21, 180, 13 and 92 ng g À1 of extractable organic matter (EOM), which was 0.25% of wet weight (ww) [43] . 6-OH-BDE47, 2 0 -OH-BDE68, 6-OH-BDE85, 6-OH-BDE90, 6-OH-BDE99, 2-OH-BDE123, 6-OH-BDE137 and their MeO-analogs were also quantified. The P 7 median concentrations of OH-BDEs and . Eighteen species of brown, green and red algae from the northern Baltic, Swedish west coast, and coastal region of central Norway were analyzed for BAs and MeO-BDEs [158] . Compounds quantified were 2,4-diBA, 2,4,6-triBA, 2 0 -MeO-BDE68, 6-MeO-BDE47, one structurally unidentified tetrabromo-MeO-BDE and two structurally unidentified tribromo-MeO-BDEs. Several pentabromo-MeO-BDEs were also identified, but levels were too low for quantification. Concentrations ranged over several orders of magnitude, from 0.057e58 ng g À1 ww for P 2 BAs and <0.010e0.49 ng g À1 ww for P 5 MeO-BDEs. Higher concentrations of BAs were generally found in the brown algae.
In a pioneering study, Pedersen et al. [159] identified several simple BPs in macroalgae species from the families Ceramiaceae, Delesseriaceae, Bonnemaisoniaceae, Rhodophyllaceae, Corallinaceae and Rhodomelaceae. collected on the Swedish west coast. Lanosol (2,3-dibromo-4,5-dihydroxybenzyl alcohol) was also identified in seawater.
The mean concentrations of P 14 di-, tri-, and tetrabromo-PBDDs were 18 ng g À1 EOM in the brown alga D. foeniculaceus and 7.7 ng g À1 EOM in N. spumigena from the Baltic Sea [43] . Earlier, mean concentrations of 18000 ng g À1 EOM (10 ng g À1 ww) of P 7 OH-BDEs and 580 ng g À1 EOM (0.36 ng g À1 ww) of P 4 MeOBDEs were reported in the red alga C. tenuicorne, also from the Baltic Proper [46] . BPs, BAs, OH-BDEs and MeO-BDEs showed strong seasonal concentration fluctuations in C. tenuicorne, with higher concentrations in July e August, and lower concentrations in June and September [37] , and biosynthesis of OH-BDEs correlated with photosynthetic pigments [157] . Main PBDD congeners in C. tenuicorne were 1,3-diBDD, 2,7/2,8-diBDD,1,7-diBDD, 1,8-diBDD, 1,3,7-triBDD, 1,3,8-triBDD and an unidentified tetraBDD [43] , which were also the dominant congeners in fish and mussels from the Baltic Proper (Sections 6.2 and 6.3) [139] .
Production of HNPs by macroalgae and phytoplankton in temperate and tropical ecosystems is well documented. A pioneering survey by Whitfield et al. [47] respectively. Concentrations of 6-OH-BDE47 and 2 0 -OH-BDE68, when detectable, ranged from 0.1e91 ng g À1 ww (<0.02 ng g À1 ww in 4 species) and 0.1e25 ng g À1 ww (<0.02 ng g À1 ww in 5 species), while concentrations of 6-MeO-BDE47 and 2 0 -MeO-BDE68 were 0.05e29 ng g À1 ww (<0.02 ng g À1 ww in 3 species) and 0.1e229 ng g À1 ww (<0.02 ng g À1 ww in 4 species). Other bromophenolic compounds quantified were 2 0 ,6-diOH-BDE68, 2 0 ,6-diMeO-BDE68, 2,2 0 -diOH-BB80 and 2,2 0 -diMeO-BB80. Many other studies, documenting a plethora of brominated HNPs in marine algae, were reviewed by Lin and Liu [39] and Liu et al. [40] . Halogenated indoles containing Cl, Br, I, and sometimes two or three of these, were found in the red alga Rhodophyllis membranacea from New Zealand waters [48] .
Marine invertebrates
HNPs are produced by many marine invertebrates (Section 3). Here we discuss only those that accumulate and do not produce HNPs, to our knowledge. Low bioaccumulation of BPs is expected because of their low K OW values (Table 2 ) and dissociation at seawater pH. BAs are neutral and have slightly higher K OW (Table 2) and therefore higher bioaccumulation potential [142] . Nonetheless, concentrations of BPs were similar or higher than those of BAs in the Baltic blue mussel (Mytilus trossulus Â Mytilus edulis) from the Baltic Proper, as well as Kattegat and Skagerrak (probably Mytilus edulis) on the Swedish west coast, sampled in 2008 [43] . 6-OH-BDE47, 2 0 -MeO-BDE68, 6-MeO-BDE85, 6-OH-BDE90, 6-OH-BDE99, 2-OH-BDE123, 6-OH-BDE137 and their MeO-analogs were quantified in blue mussel from the Baltic Proper, Kattegat and Skagerrak [43] . The mean concentrations of P 7 OH-BDEs at the three sites ranged from 8.6e200 ng g À1 EOM, while the range for mean concentrations of P 7 MeO-BDEs was 12e670 ng g À1 EOM. A subsequent study in the Stockholm Archipelago showed large seasonal variations [164] . The P 7 OH-BDEs and P 7 MeO-BDEs in mussels ranged from 160e3500 ng g À1 lw and 160e420 ng g À1 lw,
respectively, between May and October. Blue mussels from the Baltic Proper, collected in 2011e2012, contained P 7 OH-BDEs and P 7 MeO-BDEs in the ranges 17e1500 ng g À1 lw and 17e220 ng g À1 lw, while the P 7 PBDEs ranged from 3.0e18 ng g À1 lw [160] . The sum of 2 0 -MeO-BDE68, 6-MeO-BDE47 and 2,2 0 -diMeO-BB80 in blue mussels from the Danish Straits ranged from 1.6e7.0 ng g À1 lw [22] .
Asplund et al. [165] hypothesized that Baltic blue mussels and birds/fish that prey upon them are highly exposed to the OH-BDEs in decomposing filamentous macroalgae. Gammarus sp. from the Stockholm Archipelago, contained P 7 OH-BDEs 625 ng g À1 EOM and 170 ng g À1 EOM P 7 MeO-BDEs [37] . The above reported concentrations of OH-BDEs in blue mussels do not include OH-BDEs that are conjugated with lipids. This pool of OH-BDEs was recently discovered in mussels from the Baltic Sea using non-routine analytical methods, and can be equal to or higher than the unconjugated parent compounds [166] . The mussels also contained water-soluble conjugates, viz with sulfates or glucuronic acid. Thus, conventional analytical methods may underestimate the total burden of OH-BDEs in mussels.
The [55] . Production of MeO-BDEs in marine sponges is well known, particularly in Dysidea granulosa and Lamellodysidea herbacea [6, 7] , but the freshwater sponge E. fluviatilis does not appear to be a large source. It was noted that levels of MeO-BDEs and PBDDs (see below) relative to PBDE47 were about the same in E. fluviatilis and mussels collected from the same area, both filter-feeding organisms.
The decabrominated compound 6-OHÀ6 0 -MeOÀBDE194 was identified in blue mussels from Kattegat and Skagerrak on the Swedish west coast [167] . Mean concentrations at the two sites were 3700 ng g À1 lw and 410 ng g À1 lw, respectively. The sources of 6-OHÀ6 0 -MeOÀBDE194 remain unidentified. The compound has not been found in any of the macroalgae species examined from the Swedish west coast, and the authors state the high levels in mussels make it unlikely to be a metabolite of PBDEs. [43, 168] . In another study [139] , one composite of blue mussel tissue from the Baltic Proper contained 4.1 ng g À1 ww of P 10 PBDDs, while concentrations were far lower in mussel (0.024 ng g À1 ww), crab (sp.
unspecified) (0.010 ng g À1 ww) and shrimp (sp. unspecified) (0.0019 ng g À1 ww) from the Swedish west coast. The P 10 PBDDs consisted almost entirely of di-and triBDDs with tetraBDDs lower by three orders of magnitude. Main congeners found in mussel were those found in macroalgae (Section 6.1). Increasing concentrations in mussel from 1995 to 2003 were noted at the Baltic site. Toxic equivalents (TEQ), estimated from PBDD congener concentrations and their reported relative potencies, were close to or exceeded the European Union maximum residue limits for PCDD/ Fs. The P 11 PBDDs was 145 ng g À1 EOM in the freshwater sponge Ephydatia fluviatilis [55] . The two most abundant congeners were 1,3,7-triBDD and 1,3,8-triBDD, and mixed chloro-bromo-DDs were also identified. Polybrominated dibenzofurans (PBDFs) were absent or much lower than PBDDs, which suggests biogenic origin, although both PBDDs and PBDFs are released by combustion processes [147, 169] . Several shellfish species from U.K. waters contained two prominent PBDD congeners, 2,3,7-triBDD and 2,3,8-triBDD [170] . Median levels of the two summed congeners were: Pacific oyster (Crassostrea gigas) 0.42 pg g À1 ww, native oyster (Ostrea edulis) also found at "significant levels", leading the authors to suggest that combustion as well as natural sources were responsible for the contamination.
Fish, seabirds and marine mammals
Most reports of bromophenolic HNPs in Arctic/Subarctic and Baltic regions have concerned fish, seabirds and marine mammals. Bromophenolic compounds in these fauna are summarized in three Supporting Information (Tables S2, S3 and S4) as ranges, means (arithmetic or geometric) or medians of 2,4,6-triBP, 2,4,6-triBA, two abundant MeO-BDE and OH-BDE congeners (6-MeO-BDE47, 2 0 -MeO-BDE68, 6-OH-BDE47, 2 0 -OH-BDE68) P MeO-BDEs, P OHBDEs and P PBDDs, and P PBDEs and BDE-47 when reported in the same study. Most concentrations are reported on a lw basis if so reported, or converted from a ww basis if percent lipid or EOM is also specified. Concentrations are listed by ww if no lipid information is given. Readers are referred to the original papers for identities and numbers of congeners in summation groups and other bromophenolics occasionally reported but not included in the tables (e.g., 2,4-diBP and 2,4-diBA; BDEs with multiple hydroxy-or methoxy-groups).
Overviews are presented in box-and-whisker plots of Fig. 6 as concentrations of class sums in fish, birds and marine mammals. Concentrations are in ng g À1 lw from Tables S2, S3 and S4, and included blood, plasma, muscle, egg, liver and whole-body, as reported. In cases where concentrations were reported only in ww and no lipid information was given, lipid percentages were assumed from other data, as explained in footnotes to the tables. Expressing phenolic compounds (e.g., triBP, OH-BDEs) on a lw basis is problematic if these compounds are not primarily associated with lipid.
Fish
Screening of fishmeal samples from worldwide sources have revealed widespread distribution of PBDEs, MeO-BDEs and OHBDEs in marine and freshwater [83] . Most of the fish were from temperate and tropical regions. The few reports involving specimens from Arctic-Subarctic or Baltic regions are summarized below and in Table S2 [106] . Median concentrations of 2,4,6-triBA in muscle and liver were 0.37 and Tables S2, S3 and S4, and included blood, plasma, muscle, egg, liver and whole-body, as reported. In cases where concentrations were reported only in ww and no lipid information was given, lipid percentages were assumed from other data, as explained in footnotes to the tables. Expressing phenolic compounds (e.g., TriBP, OH-BDEs) on a lw basis is problematic if these compounds are not primarily associated with lipid.
0.28 ng g À1 lw, respectively. Median concentrations of P 5 MeOBDEs for muscle and liver were both 100 ng g À1 lw, which was higher than for the P 12 PBDEs (35 and 41 ng g À1 lw, respectively).
The predominant congeners were 6-MeO-BDE47 and 2 0 -MeO-BDE68. A significant correlation was found between logtransformed concentrations of 6-MeO-BDE47 and BDE-47 in Greenland shark muscle, but not liver. Concentrations of the two OH-BDE analogs of these were much lower at <0.01e0.11 ng g À1 lw. [139] . Levels of P 15 tri-, tetra-and pentaBDDs in all fish ranged from below detection to 0.075 ng g À1 ww, and were below detection in several freshwater lakes close to the coast. In perch muscle composites from marine areas, the P 10 PBDDs was 0.002 ng g À1 ww in the Baltic Proper, and ranged from NDe0.00011 ng g À1 ww (detection limit not specified) in the northern Baltic (Bothnian Bay and Bothnian Sea). As in mussels (Section 6.2) and macroalgae (Section 6.1), the P 10 PBDDs consisted almost entirely of di-and triBDDs, with much lower levels of tetraBDDs. A further investigation of perch collected from the Baltic Proper between 1990 and 2005 showed an average P 15 PBDD concentration of 0.48 ng g À1 lw and no apparent trend over the time period except for an unexplained spike in 1995 [114] . TriBDDs and tetraBDDs accounted for 75e80% and 5e10%, respectively, of P 15 PBDDs in samples with high concentrations, whereas the contribution of tetraBDDs increased to 30e40% in low-level samples. 
Marine mammals
MeO-BDEs have been reported in odontocete and mysticete cetaceans from temperate and tropical waters, and less frequently in the Arctic Ocean and regional seas, the Baltic Sea and Southern Ocean [190] .
Rotander et al. [109, 191] surveyed MeO-BDEs and PBDEs in pooled blubber samples of several marine mammal species: pilot whale (Globicephala melas), ringed seal (Pusa hispida), minke whale (Balaenoptera acutorostrata), fin whale (B. physalus), harbor porpoise (Phocoena phocoena), hooded seal (Cystophora cristata), and Atlantic white-sided dolphin (Lagenorhynchus acutus), collected from Arctic and Subarctic locations off the Faroe Islands, Norway, Greenland and Iceland, over a period of more than 20 years (1986e2009). These are the only data for MeO-BDEs in many species in the region. The overall concentration ranges for all marine mammal species examined by Rotander et al. [109] were 0.2e23 ng g À1 lw (2 0 -MeO-BDE68), 0.3e653 ng g À1 lw (6-MeO-BDE47), 2.4e1389 ng g À1 lw (BDE47) and 18e2792 ng g À1 lw ( P 10 PBDEs). BDE47 and P 2 MeO-BDEs (2 0 -MeO-BDE68 and 6-MeO-BDE47) in these animals are shown in Fig. 7 . Highest MeO-BDE levels were found in the toothed whales (pilot whale and white-sided dolphin), and these sometimes exceeded concentrations of BDE47. Levels were lower in the baleen whale species (minke whale and fin whale), and lowest in hooded seal and ringed seal. Strong correlations were found between the log-transformed concentrations of 2 0 -MeO-BDE68 and 6-MeO-BDE47 in seven marine mammal species from the North Atlantic and western Greenland. Data for all Arctic-Subarctic and Baltic marine mammals are summarized in Table S4 and by species below. respectively. Dominant congeners were 6-MeO-BDE47 > 2 0 -MeO-BDE68 > 6 0 -MeO-BDE49. Others found at lower levels were 6 0 -MeOBDE17, 2 0 -MeO-BDE28, 4-MeO-BDE42, 5-MeO-BDE47, 6 0 -MeO-BDE66, 6-MeO-BDE90 and 6-MeO-BDE99. These compounds were also reported in whole blood (female, male), milk (female) and liver (male) ( Table S4 ). Levels of P 5 OH-BDEs in blubber were much lower: 0.23 ng g À1 lw in calves, below detection in adult females and 0.1 ng g À1 lw in adult males, while corresponding levels of P 16 PBDEs were 27, 16 and 34 ng g À1 lw.
Liver samples from two beluga, collected in western Hudson Bay 2002e2003, contained 2 0 -MeO-BDE68 and 6-MeO-BDE47, whereas two beluga liver samples collected from the St. Lawrence estuary in southern Canada (2000e2003) contained 4 0 -MeO-BDE17 and 6-MeO-BDE47 [192] . The summed concentrations of these two congeners were 43e100 ng g À1 lw in Hudson Bay and 20e25 ng g À1 lw in the St. Lawrence estuary. [109, 191] . Out of 14 OH-BDEs sought in pilot whale plasma (sampled 2010e2011), only 4 0 -OH-BDE17 was found in 10 animals at 1.0e5.7 ng g À1 ww, and 6 0 -OH-BDE49 was found in one whale at 0.8 ng g À1 ww [193] . PBDD/Fs were determined in blubber of juvenile male pilot whales sampled in the Faroe Islands between 1997e2013 [194] . Furans dominated the class, accounting for 79% of P 11 PBDD/Fs which were monitored, with total concentrations ranging from 0.080e71 pg g À1 lw.
1,2,3,4,6,7,8-heptaBDF was the most abundant PBDF, followed by 2,3,7,8-tetraBDF. Among the PBDDs, which were detected in only seven out of 26 specimens, the most abundant congeners were 1,2,3,4,6,7,8-heptaBDD and 1,2,3,4,7,8-/1,2,3,6,7,8-hexaBDD, and 2,3,7,8-tetraBDD was found in one specimen. Di-and triBDDs, common in Baltic fish (Section 6.3.1.6) were apparently not sought. The P 9 PBDEs in these samples ranged from 140e1900 ng g À1 lw.
No relationship was found between P 11 PBDD/Fs and P 9 PBDEs.
6.3.3.8. Polar bear. Only two OH-BDE congeners were detected among the 14 congeners monitored in polar bear (Ursus maritimus) from east Greenland (collected 1999e2001) [195] . There were tissue-specific differences. 6-OH-BDE-47 was found only in adipose tissue, while 3-OH-BDE-47 was found mainly in blood but also in adipose tissue. These tissues were also screened for 15 MeO-BDE congeners [99] . Major congeners were 2 0 -MeO-BDE68, 6-MeO-BDE47, 5 0 -MeO-BDE100, 2 0 -OH-BDE68, 6 0 OH-BDE47 and 4 0 -OH-BDE49. Sixteen BPs were also monitored. The main congeners found were 2,4-diBP, 2,4,6-triBP and 2,4,5-triBP was also detected. The P 16 BPs averaged 0.16 ng g À1 ww.
Strong correlations were found between log-transformed concentrations of 6-OH-BDE47 and 6-MeO-BDE47 (p < 0.001), between P 10 OH-BDEs and P 12 MeO-BDEs (p < 0.001), and between P 10 OHBDEs þ P 16 BPs and P 12 MeO-BDEs (p < 0.001).
6.3.3.9. Ringed seal. The concentration ranges (ng g À1 lw) in blubber of ringed seal from east Greenland, sampled in 1986, 2000 and 2006, were: 6-MeO-BDE47 0.3e2.8, 2 0 -MeO-BDE68 0.2e0.9 and P 10 PBDEs 23e72 [109, 191] . The geometric mean concentration of P 10 MeO-BDEs in blubber of male ringed seal, collected from Hudson Bay between 1999e2003, was 6.7 ng g À1 lw and consisted almost entirely of 6-MeO-BDE47 (67%) and 2 0 -MeO-BDE68 (27%). The geometric mean concentration of P 15 PBDEs was 11 ng g À1 lw. OH-BDE congeners were below 0.007 ng g À1 lw [101] .
OH-BDEs and PBDEs were reported in plasma of ringed seals collected from Svalbard (2007) [196] . For the Svalbard animals, the mean concentrations of P 5 OH-BDEs and P 10 PBDEs were 0.019 ng g À1 ww (consisting of only 3-OH-BDE47 and 6-OH-BDE47) and 1.1 ng g À1 ww, respectively. Levels were higher in Baltic seals, averaging 0.36 ng g À1 ww P 5 OH-BDEs and 7.1 ng g À1 ww P 10 PBDEs. A greater variety of OHBDEs was found in Baltic seals, consisting of 2 0 -OH-BDE68, 6-OH-BDE67, 3-OH-BDE47, 6-OH-BDE90 all at 0.066e0.079 ng g À1 ww and 4 0 -OH-BDE49 at 0.026 ng g À1 ww.
Out of 15 MeO-BDEs and 14 OH-BDEs sought in ringed seal blubber from east Greenland in 2001e2002, only 6-MeO-BDE47, 2 0 -MeO-BDE68, 6-MeO-BDE85, and 6-OH-BDE47 were found [197] . Concentrations averaged 4.6 ng g À1 lw ( P 3 MeO-BDEs) and 0.7 ng g À1 lw (6-OH-BDE47), while the concentration of P 13 PBDEs was 149 ng g À1 lw. Biomagnification factors from ringed seal to polar bear (adipose tissue) were low: 1.0 ( P 3 MeO-BDEs), 1.3 (6-OH-BDE47), and 0.64 ( P 13 PBDEs). The MeO-BDEs and OH-BDEs were likely natural, as ringed seal appears to have a low capacity for oxidative metabolism of PBDEs.
PBDD/Fs were determined in blubber of Baltic ringed seal (Pusa hispida botnica) collected between 1974e2015 [198] . The P 11 PBDD/ Fs ranged from 0.0005e0.052 ng g À1 lw, with main contribution by 1,2,3,4,6,7,8-heptaBDD (61%), followed by 1,2,3,4,6,7,8-heptaBDD (13%). Lower concentrations but more frequently detected congeners were 2,3,7,8-tetraBDF and 2,3,7,8-tetraBDD. Di-and triBDDs were not sought. The range of P 9 PBDEs was 18.7e503 ng g À1 lw.
6.3.3.10. Other mammalian species. Although not marine mammals, these animals are included because they live in the Arctic and consume marine prey. OH-BDEs were determined in liver of Arctic fox (Vulpes lagopus), collected from Svalbard over seven years from 1997e2011 [199] . Only two congeners were found out of five monitored: 6-OH-BDE47 was identified in 24% of 100 samples at a mean concentration of 0.38 ng g À1 ww, while 4 0 -OH-BDE49 occurred in only one sample at 0.71 ng g À1 ww. 6-MeO-BDE47 appeared related to marine diet, although the relative contribution of natural sources versus metabolism of PBDEs was unclear.
Dietary accumulation of POPs in female sledge dogs (Canis familiaris) was tested in the community of Disco Bay, Greenland (69.00 o N, 52.00 o W) by feeding eight dogs with minke whale blubber, while a control set of eight dogs ate pork fat [200] . Accumulation of PBDEs, PCBs and chlorinated pesticides was higher in the whale-fed dogs, and so were metabolites OH-BDEs and OHPCBs. The average P 14 OH-BDEs was 1.2 ng g À1 ww in whale-fed dogs and 0.2 ng g À1 ww in the pork-fed dogs.
6.3.4. Freshwater environment 2,4-DiBA and 2,4,6-triBA were measured in larvae of black fly (Simuiidae sp.) and water (Section 5) collected in tundra streams near Abisko, Sweden [151] . Concentrations of 2,4-diBA and 2,4,6-triBA ranged from 4.2e42 ng g À1 dw and 2.9e7. PBDEs and MeO-BDEs [174] . The two biogenic congeners 2 0 -MeO-BDE68 and 6-MeO-BDE47 were found in all years. Highest concentrations of 6-MeO-BDE47 and 2 0 -MeO-BDE68 were found in muscle of pike from Lake Bolmen (290e3600 and 110e1800 pg g À1 ww) > Lake Storvindeln (35 and 110 pg g À1 ww) > Lake Roxen (1.9 and 1.4 pg g À1 ww). MeO-BDE levels in pike were equal to or greater than PBDE concentrations, but did not correlate with PBDEs nor did they show relationships with eutrophication, location or sampling season. A follow up study was done in 2008, in which MeO-BDEs were detected in Arctic char, pike and perch in 10 out of 32 Swedish inland lakes [201] .
Concentrations of 2 0 -MeO-BDE68 and 6-MeO-BDE47 in Arctic char collected from the Arctic lake Abiskojaure in 2005 were 15 and 4 ng g À1 lw [187] . Geometric mean concentrations of P 3 MeO-BDEs (2 0 -MeOBDE68 þ 6-MeO-BDE47 þ 5-Cl-6-MeO-BDE47) in eggs of white-tailed sea eagle from freshwater lakes in Arctic Sweden (collected 1994e2005) were 86 ng g À1 lw, and 39 ng g À1 lw in central and southern inland habitats (collected 1992e2005). Geometric mean P 5 PBDE concentrations in these birds were 720 and 1500 ng g À1 lw, respectively [187] .
Several studies have found MeO-BDEs, OH-BDEs and other bromophenolic compounds in fish [88,201e204] and birds [105,205e207] of temperate inland ecosystems.
Other HNPs in marine biota
Compared to bromophenolic compounds, there have been few reports of other high molecular weight HNPs in the Arctic environment. These are discussed along with more numerous reports in temperate and tropical ecosystems to guide research into the types of compounds which could be sought in future Arctic investigations (Fig. 1) . Other HNP classes reported in biota include 2,2 0 -dimethoxy-3,3 0 ,5,5 0 -tetrabromobiphenyl (2,2 0 -diMeO-BB80), polyhalogenated 1 0 -methyl-1,2 0 -bipyrroles (PMBPs), polyhalogenated 1,1 0 -dimethyl-2,2 0 -bipyrroles (PDBPs), polyhalogenated N-methylpyrroles (PMPs), polyhalogenated N-methylindoles (PMIs), bromoheptyl-and bromooctyl pyrroles (BHPs, BOPs), 1R,2S,4R,5R,1E)-2-bromo-1-bromomethyl-1,4-dichloro-5-(2-chloroethenyl)-5-methylcyclohexane (mixed halogenated compound MHC-1), polybrominated hexahydroxanthene derivatives (PBHDs), polyhalogenated carbazoles (PHCs), bromovinylphenols (BVPs) and bromocoumarates (BCUs) [9e11,22e25,29e32,48e54,69e77,162,208e214].
2,2 0 -DiMeO-BB80, was first identified in marine mammal samples from the Japanese market, and an analytical standard was synthesized [213] . The origin is suspected to be marine microfauna/ flora and bacteria. It is unlikely to arise from transformation of BB80, since this congener is not present in PBB commercial mixtures [213] . 2,2 0 -DiMeO-BB80 was subsequently found in dolphin blubber from California [31] and Brazil [29] , macroalgae from the Philippines [42] , seawater from the Great Barrier Reef [133, 134] blue mussels from the North and Baltic seas [22] and Greenland shark [106] .
PDBPs are a structurally diverse group of compounds comprising many potential congeners. Early studies were able to confirm the presence of several PDBP congeners in Arctic fauna as well as to describe their bioaccumulation in the Arctic food web of the Northwater Polynya in 1988 (Section 9) [25] . A comparative study was made of PDBPs in blubber of marine mammals from the eastern and western Arctic with those worldwide [24] . The ranges in geometric mean for P PDBPs in Arctic species were 0.4e1.2 ng g À1 lw (ringed seal), 0.6 ng g À1 lw (bowhead whale, was the most abundant of the PDBPs found in the northern fur seal samples. PDBPs were determined in humpback dolphin (Sousa chinensis), venus tuskfish (Choerodon venustus) and sea cucumber (Holothuria sp.) from The Great Barrier Reef, Australia, as well as in a stranded sperm whale (Physeter macrocephalus) from the North Sea, and a beluga (Delphinapterus leucas) from Canada [70] . The number of possible bromo-þ chloro-PDBP congeners is 36, of which 23 were identified in humpback dolphin and 18 in sea cucumber. Concentrations of P PDBPs in these species averaged 1119 and 482 ng g À1 lw, respectively. DiMeOH-BB isomers were also identified. Between 9 and 20 PDBP congeners were identified by GCxGCToF nontarget screening in blubber of dolphin species from Cape [24] . Numbers in parentheses refer to locations specified in that paper.
Cod [30] , California [31] and Brazil [29] . Concentrations (ng g À1 lw)
of major DBP congeners in Atlantic common dolphin (Delphinus delphis) blubber were DBP-Br 4 Cl s [124] , DBP-Br 6 .(30.9) and DBPBr 5 Cl (16.5) [30] . The P 6 PDBPs in blue mussels from the southern Baltic Sea (Danish Straits) was <0.1 ng g À1 lw, while generally higher concentrations were found in mussels from the North Sea (<0.1e142 ng g À1 lw) [22] . Prominent congeners were DBP-Br 6 , DBP-Br 5 Cl and DBP-Br 4 Cl 2 .
As for the PDBPs, PMBPs are a diverse set of compounds of which the first to be discovered was the perchlorinated MBP-Cl 7 , or Q1 (2,3,3 0 ,4,4 0 ,5,5 0 -heptachloro-1 0 -methyl-1,2 0 -bipyrrole). This compound was first described in the late 1990s [71] and has subsequently been reported in many species of marine biota particularly from the Pacific Ocean, along with PMBPs with bromo-and bromo-chloro-substitution [22,23,70,72e75,208] . Recent work points to a microbial source for these compounds based on compound-specific stable nitrogen determination [75] . Halogenation of mono-and dimethylbipyrrole in seawater by ozonolysis has also been reported [76] . Approximately 70 mixed bromo-and bromo-chloro-MBP congeners have now been reported in marine mammal blubber and liver collected from the Pacific and Atlantic Oceans [72, 73, 208] . PMBP concentration profiles, with concentrations increasing with trophic level strongly suggests that these compounds biomagnify similarly to persistent organic pollutants (POPs) [23] . Concentrations of several PMBP congeners, in particular MBP-Br 6 Cl, in cetaceans and seals from the temperate North Atlantic Ocean, were equal to or near concentrations of CB153 (about 1 ng g À1 lw). The P 15 PMBPs in in blue mussels from the southern Baltic Sea (Danish Straits) was <0.1e1.9 ng g À1 lw, while generally higher concentrations were found in mussels from the North Sea (1.2e14 ng g À1 lw) Compound Q1 accounted for about 67e100% of the identified PMBPs [22] . Between 6 and 28 PMBP congeners were identified in nontarget screening studies of dolphin blubber [29e31]. The P 5 PMBPs in Atlantic common dolphin (Delphinus delphis) blubber was 1675 ng g À1 lw, of which MBP-HBr 5 Cl 2 and MPB-HBr 6 accounted for 66% and 29% of the total [30] . Compound Q1 (MPB-Cl 7 ) was 5% of the total. While there are no published data for PMBPs in Arctic fauna, their presence is suggested by their occurrence in marine mammals from adjacent latitudes.
MHC-1 was first detected in seafood from northern European waters and isolated and fully characterized from a red algae extract [77, 209] Islands [209] . Average concentrations of MHC-1 ranged from 4.1e45 ng g À1 lw in blubber of dolphin species from the Mediterranean Sea region [210] . Corresponding concentrations in brain ranged from 0.5e3.3 ng g À1 lw. Concentrations of MHC-1 in blue mussels from the southern Baltic Sea and North Sea ranged from 0.2e0.7 and 1.7e1893 ng g À1 lw, respectively [22] . The highest concentration was found near Heligoland, where production by the red macroalga Plocamium cartilagineum was suspected [209] . MHC-1 in fish from the Mediterranean, Atlantic and Pacific Oceans ranged from <2e2260 ng g À1 lw, with the highest concentrations in farmed pollack (Pollachus pollachus) from Denmark (209) . PBHDs were structurally characterized in the Mediterranean sponge Scalarispongia scalaris and quantified in wild and aquaculture fish from the Mediterranean, Atlantic and Pacific Oceans, and in green-lipped mussel (Perna canaliculus) from New Zealand [54] . The ranges of P PBHDs were large, <5e1140 ng g À1 lw in fish, and 220e1570 ng g À1 lw in mussels. The specific compounds in fish were tribromoBHD (2,7-dibromo-4a-bromomethyl-1,1-dimethyl-2,3,4,4a,9,9a-hexahydro-1H-xanthene) and tetrabromo-BHD (2,5,7-tribromo-4a-bromomethyl-1,1-dimethyl-2,3,4,4a,9,9a-hexahydro1H-xanthene). Tribromo-and tetrabromo-BHDs were found in cod liver from Ekne in the Trondheim Fjord, Norway at 0.50 and 0.39 ng g À1 ww. Tetrabromo-BHD was found in saithe liver from Sklinna, Norway at 0.89 ng g À1 lw [162] . Tribromo-and tetrabromoBHDs also occurred in shag from Sklinna, 0.066e0.49 and 0.32e5.57 ng g À1 ww respectively in egg; 0.098 to 0.15 and 0.049e0.075 ng g À1 ww in liver [162] . In the Mediterranean Sea, tribromo-BHDs, tetrabromo-BHDs and other HNPs were found in blubber of dolphin species at mean levels of P PBHDs 120e390 ng g À1 lw in blubber and 85e120 ng g À1 lw in brain [210] .
MHC-1, PBHDs, Q1, and 2,4,6-triBA were found in commercial fish from European and other sources, including Norwegian and Faroe Island aquaculture operations [175] . Several classes of HNPs were found in highly consumed fish from two bays in southeast Brazil [214] . Fish species were sardine (Sardinella brasiliensis), white-mouthed croaker (Micropogonias furnieri) and mullet (Mugil liza), The compounds and ranges of mean levels in the fish species (ng g À1 lw), were 2,4-diBP (NDe.11), 2,4,6-triBA (3e29), 2,4,6-triBP (1e6), 6-MeO-BDE47 (6e17),2 0 -MeO-BDE68 (2e38) Q1 (7e47), DBP-Br 4 Cl 2 (NDe10) and MHC-1 (NDe19) (detection limits ranged from 0.04e2.2 ng g À1 lw, depending on the compound).
PMIs have been identified in nontarget screening of dolphin blubber [30e32]. PMPs were determined in blue mussels from the European Atlantic coast, the North Sea, the Baltic Sea and Chile [211] . Polyhalogenated carbazoles (PHCs) have been reported as an environmentally relevant class of HNPs, based on their widespread occurrence in soils and freshwater sediments [212] . They have been found in sediments of Lake Michigan and the Arctic Ocean [15, 16] .
Environmental trends in biota
Spatial trends
Based on a review of PBDE and MeO-BDE concentrations in marine mammals globally [190] , the ratios of P PBDEs/ P MeOBDEs were about 10:1 in cetaceans from the Northern Hemisphere and 0.1 in the Southern Hemisphere. Greater use of PBDEs in the more industrialized Northern Hemisphere may be partly responsible, but sampling location was also a factor. Specimens from the Southern Hemisphere were collected mainly in tropical regions near productive reef areas which were subject to upwelling, whereas those from the Northern Hemisphere were from temperate and polar waters.
OH-BDE and PBDE concentrations were similar in eggs of guillemot from Iceland, the Faroe Islands and coastal Norway, whereas levels in eggs of guillemot from Stora Karls€ o in the Baltic Proper were many times higher. MeO-BDEs were only detected in the Baltic eggs [185] .
PDBP congener profiles (expressed as DBP-Br x Cl y / P 4 PDBPs) in seal species (excluding ringed seals, where levels were low) suggested Pacific versus non-Pacific influence. This also extended to the Arctic, where the congener profile in beluga from Pt. Lay (Alaska) differed from the Canadian Arctic Archipelago and Svalbard profiles (Fig. 8) [24] .
Higher concentrations of P 7 MeO-BDEs in herring were found at € Angsk€ arsklubb in the Bothnian Sea than at Ask€ o in the Baltic Proper [173] . Others have observed higher levels of MeO-BDEs and OHBDEs in herring from the Bothnian Sea and more northern Bothnian Bay than in the Baltic Proper [174, 215] . Reasons for the increasing south-to-north trend are not clear, but may be related to differences in production by the regional cyanobacteria and macroalgae [173] .
Temporal trends
Changes in MeO-BDE concentrations in marine sediments that show no variation over a long time, or trends that are different from those of classical POPs such as PCBs and PBDEs, have been invoked as an indication of their natural origin [38, 81, 138] .
POPs in five white-tailed sea eagle eggs from 1996 to 2001 collections on the southern Baltic coast were compared with an archived egg laid in 1941, also on the southern Baltic Sea coast [82] . Concentrations of 2 0 -MeO-BDE68 and 6-MeO-BDE47 were virtually the same in the 1996e2001 eggs (geometric means 23 [37] and blue mussels [164] show strong variations with seasonal productivity.
Haglund et al. [139] found an increasing trend for P 15 PBDDs in blue mussels from a station in the Baltic Proper between 1995e2003. MeO-BDEs and PBDDs were determined in perch muscle collected in 1990e2005 from the same station [114] . No long-term trends were found, but large fluctuations between consecutive years were observed, up to 5 times for MeO-BDEs and 160X for PBDDs, which showed a large spike in 1996 and then returned to normal. MeO-BDE concentrations covaried with conditions affecting primary productivity: water temperature, water visibility, nutrients. Short retention of PBDDs due to metabolism, which changes with exposure, may have led to variation in PBDD levels. Concentrations of OH-BDEs increased in Baltic herring from 1980e2010, while fat content and body condition decreased over that time [173] .
In the marine mammals studied by Rotander et al. [109] , there was no clear relationship between the 20-y trends of PBDEs and the two monitored biogenic 2 0 -MeO-BDE68 and 6-MeO-BDE47. Strong inter-annual variations in these MeO-BDEs, which showed no relationship to PBDEs, especially in pilot whale and white-sided dolphin, suggested changing exposure in response to varying production.
Concentrations of individual congeners relative to the P 5 PDBPs were not significantly correlated to year of collection (1987 e 2007) in juvenile male northern fur seals collected from St. Paul Island, Alaska (N. Eisenhardt, pers. comm.). Likewise, the relative proportion of the five PDBP isomers was identical in a seal collected in 1987 compared to a seal collected in 2007. These observations support a natural source of the PDBPs because strong temporal trends were generally observed for anthropogenic POPs in these samples, while there was no trend for the PDBPs.
Food web studies
Kelly et al. [101] calves, females and males, respectively) (Fig. 9) . The predominant congeners were 2 0 -MeO-BDE68 and 6-MeO-BDE47. Trophic magnification factors (TMFs) were calculated for the entire food web using the lipid-based concentrations and d
15 N of organisms in the food web. The TMFs for 2 0 -MeO-BDE68 and 6-MeO-BDE47 were 2.3 and 2.6, respectively. These were lower than TMFs of 3e11 for recalcitrant PCBs, but higher than TMFs of 0.1e1.6 for PBDEs. The P 10 MeO-BDE concentrations exceeded those of P 31 PBDEs in beluga, salmon and blue mussel while the opposite was the case for other members of the food web. P 10 MeO-BDE concentrations were generally lower than for P PCBs and P DDTs, but were comparable to concentrations of other legacy organochlorines such as chlorobenzenes, hexachlorocyclohexanes (HCHs), and chlorinated cyclodienes. Compared to the MeO-BDEs, OH-BDEs in the Hudson Bay food web were orders of magnitude lower or not detected.
The Hudson Bay TMFs are similar to those for P MeO-BDEs (2 0 -MeO-BDE68 þ 6-MeO-BDE47) and P PBDEs of 2.9 and 3.9, respectively, in a Sydney Harbour (Australia) food web, comprising squid, crustaceans and fish [216] . Biomagnification factors in a North Sea fish to harbor seal or harbor porpoise food web for 2 0 -MeO-BDE68 and 6-MeOBDE47 ranged from 0.1e1.9 and 0.4e23.3, respectively [217] . The transformation capacity appears to be higher for harbor seal than porpoise [217, 218] .
Accumulation of MeO-BDEs, OH-BDEs, BPs, BAs was followed in a food chain consisting of the red alga Ceramium tenuicorne, amphipod Gammarus sp. prey fish three-spined stickleback and predator fish perch [161] . The study was done over the summer at a site in the Stockholm Archipelago. MeO-BDEs increased in concentration from Ceramium < Gammarus < stickleback, then dropped dramatically in perch. The opposite pattern was observed for OH-BDEs, where concentrations declined up the food web, but increased in perch, indicating metabolic demethylation of MeOBDEs. The ratio of P 7 MeO-BDEs/ P 7 OH-BDEs increased from Ceramium < Gammarus < stickleback > perch. Debromination was observed through the food chain, resulting in higher levels of tetrabrominated MeO-BDE and OH-BDE congeners in fish, whereas some penta-and hexa-brominated congeners dominated in Ceramium. The 2,4,6-triBP increased from Ceramium to Gammarus, declined slightly in stickleback and greatly in perch, while 2,4,6-triBA was highest in Ceramium and declined to about 20e50% of Ceramium concentrations up the food chain.
Bioaccumulation of MeO-BDEs and two anthropogenic compound classes (PBDEs and chlorinated norbornenes (Dechlorane Plus and others) was studied in a food web of primary consumers: giant barnacle (Austromegabalanus pstittacus), keyhole limpet (Fisurella sp.), sea squirt (Pyrua chilensis), clams (Venus antiqua, Tagelus dombeii), secondary consumers: crab (Homalaspis plana, Talepus dentata) and fish which are herbivorous or eat small organisms (Peruvian morwong, Cheiodactylus variegatus and damsel fish, Chromis crusma) and tertiary consumers: sand perch (Pinguipes chilensis) and Chilean abalone (Concholepas concholepas) in a coastal area off south central Chile ( , and Arctic cod (1.1 ng g À1 lw). The P PDBP concentration in ringed seal was 0.14 ng g À1 lw and only three congeners were present. TMFs (excluding the seal data) were 14.6 (DBPBr 4 Cl 2 ) > 7.0 (DBP-Br 6 ) ¼ 6.9 (DBP-Br 5 Cl) > 5.2 (DBP-Br 3 Cl 3 ). These were comparable to the TMF of 9.8 for CB-153 observed in the same food web [220] , indicating that PDBPs are highly bioaccumulative. The very low concentrations observed in ringed seal relative to other organisms at a similar trophic level strongly suggested metabolism of the PDBPs by seals.
Toxic effects of HNPs
It is beyond the scope of this review to thoroughly survey human and ecosystem exposure to HNPs, and how they elicit toxicological responses. A brief discussion and relevant articles are mentioned in this section.
Many HNPs have been screened for biological activity and some are effective as pharmaceuticals [4, 39, 40] . Thus, even though HNPs are natural compounds, they are rightly considered as "chemicals of emerging concern". Do they augment stresses when in mixture with toxic anthropogenic chemicals?
Unlike POPs, which continue to decline in the physical and biological environments [20, 21] , anthropogenic chemicals in current use can be considered "pseudopersistent" or "continuously present" if they are continuously released into the environment [221] . Such a scenario also applies to HNPs, which are synthesized within the aquatic system and present continuous, albeit periodic, exposure to organisms. Moreover, there are reasons to expect future increase in HNPs release (Section 11).
Research on the toxicology of HNPs has largely focused on the bromophenolic compounds. PBDEs impact the thyroid system, are neurotoxic and endocrine disruptors, and OH-BDEs appear to act similarly [111,222e225] . Toxic effects have also been demonstrated for 2,4,6-triBP, including binding to the human thyroid transport protein transthyretin (TTR) [226] and hormonal effects in fish [226, 227] . These and other aspects of 2,4,6-TriBP toxicology were recently reviewed [228] . OH-BDEs disrupt oxidative phosphorylation [229, 230] and interfere with human placental aromatase [231] . MeO-BDEs themselves show endocrine disrupting effects [232] , and are of concern especially because they bioaccumulate and become metabolized to the more toxic OH-BDEs [111] . Some HNPs have the ability to cross the blood-brain barrier [210] . MeO-BDEs and OH-BDEs bind to the aryl hydrocarbon (Ah) receptor and have been assigned potencies to avian species relative to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) [233] . Relatively high MeOBDEs and OH-BDEs in the serum of Japanese women were related to consumption of local fish and macroalgae [234] .
PBDDs contribute to human exposure to total TCDD toxic equivalents (TEQ) [235] . The relative potency of PBDDs to TCDD measured in in eel and crab collected on the west coast of Sweden were close to the European Union maximum residue limits (MRLs) for PCDD/Fs in food, while they exceeded the MRL by 100-fold in mussels from the Baltic proper [139] . Other studies have found only minor contribution of PBDD/Fs TEQ in Baltic salmon [178] and ringed seal [198] compared to their anthropogenic chlorinated analogs. Different congeners were determined in the these studies, the more abundant triBDDs [139] versus less abundant tetra-and higher BDDs [178, 198] , and also to differences in metabolism of PBDDs by these organisms.
Far less information is available on the effects of PMBPs and PDBPs. Congeners of both chemical classes bioaccumulate (Sections 7-9). TMFs for PDBPs are similar to those of anthropogenic POPs [25] . PDBPs bind to the Ah receptor and induce CYP P4501A [236] . On the other hand, an in-vitro study showed that high concentrations of Q1 inhibited binding of TCDD to the human Ah receptor [27]. Polyhalogenated carbazoles (PHCs) also show dioxin-type toxicity [212] .
Potential impacts of climate change on HNP production and distribution
Much has been written about the impacts of climate change on the transport and fate of POPs [237e244] and how such changes may affect bioaccumulation and temporal trends in biota [21,245e250] . By contrast, these links are virtually unexplored for high molecular weight HNPs. There are reasons why climate change might affect HNPs differently from conventional POPs. Firstly, the primary sources of HNPs are in oceans and seas where they are produced. POPs are generated on land by human activities, with secondary emissions from contaminated soil and water. Secondly, many factors affecting the production of HNPs are likely to change with climate, including the amount and quality of DOM, salinity, phytoplankton and heterotrophic bacteria, type and distribution of macroalgae species. The role of these factors in biosynthesis of high molecular weight HNPs is largely unexplored.
Production of halocarbons in the ocean is related to photosynthetic biomass [251] and DOM [252, 253] , and in the Arctic Ocean to higher levels of DOM in the Transpolar Drift and brine pockets in sea ice [132] . Biological production of halocarbons is also important in sea ice of the Southern Ocean [254, 255] . The concentrations of halocarbons in Arctic Ocean surface waters do not appear to have changed much over the last two decades [132] . The future could be different, with changes in river runoff, precipitation and loss of ice cover; affecting primary production, species composition, circulation patterns, formation of halocline water and air-sea exchange [132] . The levels and composition of DOM entering Arctic rivers are likely to change with permafrost melting releasing "old" carbon and shifts in vegetation which produce different lignin types [256] . Response of halocarbon production to ocean acidification (as indicated by the partial pressure of CO 2 ) were subtle or undetectable, however the decrease in the extent of summer sea ice is expected to result in an increase in photosynthetically active radiation at the sea surface and primary production [257] . Thus, the role of halocarbons in Arctic atmospheric chemistry may increase with loss of ice cover [258] . Freshening of the Polar Mixed Layer is an unknown factor which might affect bromocarbon production by limiting the availability of bromide. In laboratory experiments, the bromoperoxidase activity of the Arctic diatom Porosira glacialis increased from nearly zero at 5 mmol L À1 bromide to a plateau at 900e1500 mmol L À1 [259] . About 80% of the plateau activity was reached at a bromide concentration of 600 mmol L
À1
. The bromide content of 35‰ seawater is 860 mmol L
. Whether these factors are also relevant for production of higher molecular weight HNPs remains to be seen. There appears to be only one report of salinity effects on BP production [37] . Formation of 2,4,6-triBP by Ceramium tenuicorne from the Baltic Proper increased with salinity in the range was 5e9‰. Paradoxically, female clones from brackish water in the Baltic produced more 2,4,6-triBP than clones from the Oslo Fjord (20e25‰). No investigations have been made of BPs generated by the action of bromoperoxidases on DOM, but by analogy to halocarbons [259] such a pathway could be conceived. If so, increased riverine discharge of terrestrial DOM and transport in the Transpolar Drift may stimulate production of higher HNPs. Terrestrial humic acids were found to enhance peroxidase-mediated production of halocarbons in seawater [253] .
The discovery that marine bacteria synthesize bromophenolic compounds [5e7] has implications for climate change impact. Changes expected in the northern Baltic Sea include warmer temperatures, increased precipitation and increased river runoff of water containing terrestrial DOM, with consequences of reduced salinity and phytoplankton production, and increased heterotrophic bacteria [260, 261] . On one hand, lower phytoplankton and salinity may decrease synthesis of HNPs, whereas higher bacteria may cause an increase. The net result remains unknown [262] . Climate change in the Baltic is also expected to cause changes in macroalgae species abundance and distribution in the Baltic Sea [263] .
Like halocarbons, air-sea exchange of BAs in the Arctic Ocean would be enhanced by loss of ice cover. HNPs originate within the ocean and long-range transport to the Arctic via currents is a possibility. Oceanic transport is expected for some perfluorinated compounds [264, 265] , currently used pesticides [266] and POPs [267, 268] which are persistent, relatively water soluble and have intermediate volatility.
Conclusions and recommendations
HNPs existed before industrial production of anthropogenic organohalogens and the roles of these compounds in ecosystem functioning are still being investigated and debated. The diversity of HNPs is immense e over 5000 compounds have so far been identified [4] . These range in complexity from simple, low molecular weight halocarbons to large compounds with molecular weights in the same range as those of POPs.
HNPs are rightly categorized as "chemicals of emerging concern". They are produced in the environment and "pseudopersistent", presenting a continual exposure to biota. Biological activity is attributed to many HNPs and some elicit toxic responses similar to those of PBDEs and PCDD/Fs. It is thus important to evaluate HNPs in mixture with anthropogenic compounds. Production, transport and distribution of HNPs are likely to be strongly affected by climate change impacts on the physical and biological systems.
Analytical methods for conventional POPs are suitable for some HNPs, while special considerations are required for others. The extra steps needed to release OH-BDEs from binding to lipids in mussels is an exemplary case [166] . Other examples of extra care needed: PBDDs are easily debrominated by UV radiation [140] and protection during analytical procedures is warranted. PBHDs are susceptable to degradation in the GC injection unless the liner is scrupulously clean [54] , and separation of OH-BDEs from PBDDs before GC analysis is necessary to prevent cyclization of OH-BDEs to PBDDs in the injection port.
Higher molecular weight HNPs are found at all levels of ArcticSubarctic ecosystems. The bulk of research has focused on the bromophenolic compounds: BPs, BAs, MeO-BDEs and OH-BDEs, with less attention given to PBDDs and HNPs with heterocyclic ring structures (e.g., PDBPs, PMBPs, PBHDs, PMIs, PHCs). Although reports of these in Arctic biota are scarce or non-existent, their likely presence can be inferred from occurrence in the Baltic Sea, other and seas/oceans and freshwater ecosystems at temperate and tropical latitudes.
Measurements of bromophenolic HNPs in the Arctic have mainly been carried out on seabird and marine mammal species, with fewer investigations of fish and invertebrates. It seems likely that Arctic macroalgae and phytoplankton would produce these compounds, given their widespread occurrence in the Baltic Sea, Atlantic coasts of Sweden and Norway, and other marine areas. However, there are very few studies in the Arctic. Reports of HNP trophic transfer of HNPs in the Arctic and Baltic Sea are sparse.
Temporal/spatial trends are poorly known relative to anthropogenic POPs. There have been some studies of metabolic transformations, such as for MeO-BDEs, OH-BDEs and PBDEs, but not for other compounds. Many biosynthetic pathways and subsequent transformation mechanisms have been identified for higher molecular weight HNPs. Work in this area has been largely confined to temperate and tropical ecosystems, with little attention paid to the polar regions, even though it is apparent that HNPs are found there.
Measurements of HNPs in abiotic samples are lacking. Very little is known about production of higher molecular weight HNPs in Arctic-Subarctic and Baltic ecosystems, but relevant factors are likely to be similar to those for halocarbons. It is not known if HNPs other than halocarbons are produced or occur in snow and ice, although BAs were reported in snow from southern Sweden and Arctic Finland. Similar to halocarbons, air-sea exchange of HNPs would be enhanced by a loss of ice cover.
Widespread occurrence and high diversity of HNPs in Arctic Ocean sediments is testimony to formation in situ, or facile transport from temperate latitudes. The relative importance of HNP biosynthesis within the Arctic versus delivery by atmospheric and oceanic currents is unknown. If these external processes are important, levels of HNPs in the Arctic may also respond to changes in temperate and tropical oceans. Atmospheric transport is suggested by the presence of MeO-BDEs and/or OH-BDEs in precipitation and biota from inland lakes and rivers, although biosynthesis from available bromine in terrestrial and lentic ecosystems cannot be ruled out. The possibility of delivery by ocean currents is suggested by different congener profiles of PDBPs in beluga from Alaska versus the Canadian Arctic Archipelago and Svalbard.
